We have synthesized a new type monolithic porous ion exchange resin which has a co-continuous porous structure. The pore structure is obtained by a two-step polymerization process. In the first step, an open-celled porous styrene-divinylbenzene (St-DVB) copolymer is synthesized by preparation of waterin-oil (W/O) emulsion and polymerization. In the second step, the obtained copolymer is soaked and polymerized in a solution containing a polymeric initiator, styrene and DVB. In order to obtain the monolithic ion exchange resin, functional groups, such as sulfonic acid and trimethylammonium, were introduced into the copolymer. The ion exchange capacities of the monolithic cation and anion exchange resins that have co-continuous porous structures were both over 4 meq/g. The pressure drop of the new monolith was about 5 times lower than that of previously reported open-celled monoliths. The ion exchange band length of the new monolith was about 10 times shorter than that of conventional ion exchange resins. As one application of the new monolith, we have developed a palladium-loaded monolithic anion exchange resin (Pd-AEMR) to decompose hydrogen peroxide (H 2 O 2 ) in ultrapure water.
Introduction
Since ion exchange resins were commercialized, they have been used in various fields, for example, the separation and purification of medical products and foods, the production of ultrapure water for washing very large scale integrated circuits, advanced purification of boiler water at power plants, and the production of chemical products as solid acid catalysts.
Whereas the form of conventional ion exchange resins are spherical beads, a monolithic ion exchange resin has a porous structure in which the pores are continuous throughout the resin. Synthesis of monolithic porous polymers by polymerization in unstirred water-in-oil (W/O) emulsion has been reported since the 1980's [1] [2] [3] [4] . In the polymerization process, water droplets in the emulsion act as a pore template. The water is extracted from polymer, and then the open-celled monolithic polymer is obtained.
We have previously reported the synthesis of the open-celled monolithic porous ion exchange resin, and that the ion exchange band length of the monolithic resin was significantly shorter than that of a conventional ion exchange resin bed 3) . In terms of water treatment, we have mainly developed an apparatus using monolithic ion exchange resins for ion adsorption membrane modules, electrodeionization devices, column packing materials and catalysts.
However, the monolithic resin had problems such as high pressure drop and low ion exchange capacity. High pressure J. ION EXCHANGE (xxx) drop causes a decrease in flow rate or an increase in energy consumption in practical use. In general, high ion exchange capacity is a favorable property of ion exchange resins which decreases the operating cost. Therefore, we needed to develop a next generation monolithic porous ion exchanger.
Ion exchange resins are used for the production of ultrapure water in the semiconductor manufacturing process. Nowadays, the semiconductor industry requires extremely high water purity and a lot of items on water quality are strictly controlled. Impurity concentration in ultrapure water for wafer rinse is required to be as low as possible. It is known that 10~40 g/ of H 2 O 2 occurs at the UV oxidation process for removal of organic compounds. There is a possibility that even such trace amounts of H 2 O 2 , can cause oxidation of the wafer which decreases the yield of the device.
Functional ultrapure water, with dissolved H 2 or O 3 gases, has been applied to semiconductor manufacturing. It is known that H 2 O 2 in O 3 dissolved ultrapure water decreases the O 3 concentration 5) . From these reasons, technologies on the removal of H 2 O 2 from ultrapure water are important. In order to remove the H 2 O 2 occurred in ultrapure water production process, Palladiumloaded ion exchange resin is able to be applied 6) . We present the synthesis of a new monolithic ion exchange resin having co-continuous porous structure, and the preparation and application study of the palladium-loaded monolithic ion exchange resin.
Experimental
The flowchart shows the synthesis of the monolithic ion exchange resin having a co-continuous porous structure, and the preparation of palladium-loaded monolithic catalyst (Fig. 1). 
Synthesis of Precursor Copolymer (Monolith A), the First Polymerization of Styrene and Divinylbenzene
The first polymerization was carried out according to the previous report 7) . Sorbitan monooleate as an emulsifier, styrene as a monomer and divinylbenzene as a cross-linking agent and , '-azobis(isobutyronitrile) as an initiator were mixed homogeneously. The heterogeneous mixture of the solution (7.23 g) and ultrapure water (180 g) was stirred at 1000 rpm (revolution)/ 330 rpm (rotation) with a sun-and-planet type mixer (VMX-360; EME Corp.) for 2 min at 100 Torr to form a water-in-oil emulsion. The emulsion in the sealed container was heated for 24 h at 60°C under nitrogen atmosphere. After the emulsion polymerization, the container was cooled. The crude polymer was purified by Soxhlet extraction using Methanol for 18 h to remove unreacted monomers, oligomers, emulsifier, and water. The resulting polymer was dried at 85°C in a vacuum oven overnight. The obtained monolithic resin is referred to as Monolith A.
Synthesis of Parent Copolymer (Monolith B), the Second Polymerization of Monolith A, Styrene and Divinylbenzene
The second polymerization was carried out according to the previous report 7) . 76 g of styrene, 4 g of DVB, 120 g of 1-decanol and 0.8 g of 2,2'-azobis(2,4-dimethylvaleronitrile) were mixed to obtain a homogeneous solution. Monolith A was cut into a disk having an outer diameter of 70 mm and a thickness of about 40 mm (weight 4.1 g). This Monolith A was put in a reaction vessel having an inner diameter of 75 mm, and immersed in the solution of St-DVB. After degassing the mixture in a vacuum chamber, the reaction vessel was sealed. The mixture was then polymerized at 60°C for 24 h.
After completion of polymerization, the monolithic body having a thickness of about 60 mm was taken out of the vessel, subjected to Soxhlet extraction with acetone, and dried at 85°C overnight under reduced pressure. The obtained monolithic resin is referred to as Monolith B.
Preparation of Monolithic Cation Exchange Resin
Monolithic cation exchange resin was prepared by sulfonation of Monolith B. Monolith B obtained as described above was cut into a disk having an outer diameter of 120 mm and a thickness of about 15 mm. Monolith B obtained above was immersed in 800 m of 1,2-dichloromethane. To the Vol.25, No.4 (2014) (xxx) resulting swollen monolith, chlorosulfuric acid was slowly added dropwise at room temperature, then heated to 60°C for 24 h. After the reaction, 30 m of glacial acetic acid was added in order to inactivate the residual chlorosulfuric acid. The product was washed with ethanol and water. The obtained monolithic ion exchange resin is referred to as CEMR.
Preparation of Monolithic Anion Exchange Resin
Monolithic anion exchange resin was prepared by amination with tertiary amine after chloromethylation of Monolith B. Monolith B obtained as described above was cut into a disk having an outer diameter of 120 mm and a thickness of about 15 mm. After the addition of 1400 m of dimethoxymethane and 20 ml of tin tetrachloride, 560 m of chlorosulfonic acid was added dropwise to the mixture under cooling ice. The mixture was then heated to 35°C and reacted for 5 h to introduce a chloromethyl group. After the completion of the reaction, the mother liquor was siphoned, washed with a mixed solvent (THF/water=2:1) and washed with THF. After the addition of 1000 m of THF and 600 m of a 30 % trimethylamine aqueous solution, the mixture was reacted at 60°C for 6 h. After completion, the product was washed with a mixed solvent (methanol/water), purified water and then isolated. The obtained monolithic ion exchange resin is referred to as AEMR.
Preparation of Pd-Loaded Monolithic Catalyst
Pd-loaded monolithic resin was prepared according to the previous report 8) . Palladium chloride (PdCl 2 ) was used as the Pd source. PdCl 2 was dissolved in a small amount of HCl and then diluted to prepare a 20 g-PdCl 2 / stock solution. AEMR was soaked in the Pd solution and Pd anion was adsorbed by ion exchange at room temperature for 24 h. In order to reduce the Pd anion, 3% hydrazine monohydrate aqueous solution was used. The obtained catalyst is referred to as Pd-AEMR. The Pd-AEMR was cut into an appropriate size and packed into a column.
Pd-loaded bead-type anion exchange resin 9) was used as a catalyst for comparison. PdCl 2 was used as the Pd source. The catalyst support was gel type strong base anion exchange resin and the amount of Pd was 60 mg/ -resin.
Measurement of Ion Exchange Resins
To estimate the introduction ratio of the ionic groups, cation exchange capacity (q) was measured. The wetted porous cation exchange resin was cut into small pieces of about 3 mm cubes. The q value was determined using many pieces of the cubic monoliths based on the method for conventional resin beads 10) .
Where q is the ion exchange capacity of one gram of the dried monolith (meq/g), A is the titration value of 0.1 N NaOH aq (m ), W is the weight of the wetted monolith at the moisture equilibrium state (g), and w is the ratio of water to the wetted monolith at the moisture equilibrium state.
CEMR and a conventional cation exchange resin (IR-124) were packed into a column with an inner diameter of 4.6 mm. These resins were regenerated by washing with 1N HCl and then washed with pure water until the eluent became neutral. Load solution, 4 mM NaCl was passed through the column at a flow rate (LV) of 10-50 m/h.
The concentrations of sodium ion in the eluent was detected by a gradient monitor (Nichiri Kogyo Co.) equipped at the end of the column, the breakthrough curve and the breakthrough time were obtained from the plots of the concentration versus the amount of the permeated solution. The ion exchange band length (H) was calculated from Eq. 2 11) . The H value is the length of the resin bed where the ion exchange reaction is actively occuring.
where H is the ion exchange band length (m), C is the concentration of sodium ion in the eluent (meq/ ), LV is the linear velocity of 4 mM NaCl in the column (m/h), q w is the cation exchange capacity of the wet monolith (meq/ ), is the breakthrough time (h).
Characterization
A Hitachi S-4000 was used for scanning electron microscopy (SEM) observation. The pore size distributions and the total pore volumes were measured by mercury intrusion method using Micromeritics Auto-Pore III 9420. The amount of palladium in the catalyst was measured by ICP. Electron probe microanalyzer (EPMA) was used (Shimadzu EPMA 1610 WDX-EPMA) for the estimation of ion exchange groups and palladium in the monolithic resin. To observe palladium particles, Transmission electron microscopy (TEM) was carried out using JEOL JEM-2000FX operated at 160 kV.
Measurement of H 2 O 2 concentration
H 2 O 2 concentration in ultrapure water was determined by absorption spectrophotometry 12) . Phenolphthalin (0.32 g) and NaOH (16 g) were dissolved in 500 m of water. CuSO4 5H 2 O was dissolved in 1000 m of water. The phenolphthalin solution (0.5 m ) and the CuSO4 solution (0.5 m ) were added to the sampled water, and then the absorbance at 551.5 nm was measured to determine H 2 O 2 concentration.
Results and Discussion
The polymer skeleton stem of the continuous macropore structure of Monolith B is thicker than that of Monolith A due to the polymerization process of Monolith B on the skeleton of the Monolith A. As a result of this process, the open-celled porous structure of Monolith A is changed into a co-continuous porous structure, which was observed SEM as described Fig. 2 .
To evaluate the porous structures more precisely, the sizes, the distribution and the total volumes of the pores were measured by mercury intrusion method. As shown in Fig. 3 , it is clear that the pore volume of Monolith B was decreased by the second step polymerization. This decrease in the pore volume is due to a thickening growth in the stem of the monolith. The pore size distribution pattern of Monolith B is unimodal. The pore radius of Monolith B is 30 μm that is three times larger than that of previously reported open-celled monolithic polymer. The specific surface area of Monolith B is 13 m 2 /g which is larger than that of a gel type ion exchange resin (ca. 0.01 m 2 /g).
The Properties of Monolithic Ion Exchange Resin
The properties of monolithic ion exchange resins are listed in Table 1 . The ion exchange capacities of both CEMR and AEMR are as much as that of a conventional ion exchange resin, over 4 meq/g-dry. The ion exchange capacity of CEMR and AEMR at moisture equilibrium state is 0.6 meq/g-wet and is about three times larger than that of previous reported opencelled monolithic ion exchange resin. For reference, the ion exchange capacity of a conventional ion exchange resin is about 2 meq/g-wet.
The quaternary ammonium group distribution in the porous anion exchanger was determined by treating the anion exchanger with a hydrochloric acid aqueous solution, and analyzing the chlorine atom distribution in the cross-section of of AEMR stem by EPMA. It was found that chlorine atoms were uniformly distributed on the surface and inside the skeleton of the anion exchanger. It was thus confirmed that quaternary ammonium groups were uniformly introduced into the anion exchanger. In the same way, sulfonic acid group distribution in the cation exchanger was also confirmed by analyzing sulfur atoms with EPMA.
In order to compare the permeability of ion exchange resin derived Monolith B and previously reported open-celled monolith, we introduced index pressure drop coefficient (P c ). The pressure drop coefficient is defined as follows,
the pressure drop ( P) divided by flow rate (LV) and bed depth (H c ). Experimentally, P c corresponds to the slope of the line, which is obtained by plotting P/Hc to LV. The lower pressure drop coefficient means the higher permeability. Pressure drop coefficient of ion exchange resin derived Monolith B was approximately five times smaller than that of open-celled monolithic ion exchange resin. It is due to the large pore diameter of Monolith B.
The water swollen CEMR and AEMR is about 1.7 times larger than Monolith B in length. Therefore, the pore diameter of the monolithic ion exchange resin is estimated about 100 μm in wet condition.
To evaluate the dynamic ion exchange properties of CEMR, the ion exchange band length (H) was measured. We have reported that the H values of the monolithic ion exchange resin were very small, indicating the possibility of a sharp separation 4) . As shown in Fig. 4 , the H values of CEMR are approximately ten times smaller than those of the bead-type resins, and the value was constant in the range of 10-50 m/h in linear velocity (LV). Such ideal dynamic ion exchange properties of the porous ion-exchange resin monoliths are thought to be caused by the fact that the adsorption and desorption of ions are very fast and uniform, since the resin has a uniform co-continuous structure and the thickness of a monolith's stem is much thinner than the diameter of bead-type resins.
In contrast, the ion exchange band length of the bead-type resin is influenced by the flow rate, and increased with an increase in LV. This phenomenon may exist because the diffusion rate of the ion in the interior of the bead is slower than that at the surface of the beads.
Characterization of Palladium-Loaded Monolithic Anion Exchange Resin
Palladium dichloride, which was dissolved by using HCl, exists as [ introduced into AEMR by ion exchange mechanism. After the ion exchange reaction, the white color of AEMR changes to dark brown. Reduction of the Pd anion in AEMR was carried out using hydrazine monohydrate solution. The dark brown color of [PdCl 4 ] 2-incorporated AEMR changed to black immediately. Palladium distribution was observed using EPMA and TEM. The result of EPMA is shown in Fig. 5 . A circular image in the center of each picture is the cross-section of a polymer stem of AEMR. The difference in color corresponds to the difference in palladium concentration. While palladium concentration in the central area of the cross-section is higher, the distribution of palladium is uniform in other areas. The high Pd concentration area is around the interface between Monolith A and Monolith B.
Palladium particles at the surface of the polymer stem was observed by TEM (Fig. 6) . While there are very small particles in spots, palladium particles about 50 nm are uniformly dispersed in the surface layer of the stem.
Removal of H 2 O 2 by Using Palladium-Loaded Monolithic Anion Exchange Resin
Ultrapure water is usually exposed to ultraviolet light of wavelength around 185 nm to remove organic impurities. The radicals (mainly hydroxyl radicals) generated by the UV irradiation cause oxidative decomposition and removal of organic substances. On the other hand, the excess hydroxyl radicals which are not used for decomposition of organic substances, react with each other to generate 10~30 g/ of H 2 O 2 .
Palladium-loaded anion exchange resin is a suitable catalyst for H 2 O 2 removal 6, 8) . The catalyst to install in ultrapure water Vol.25, No.4 (2014) (xxx) production systems for semiconductor manufacturing must have a high throughput with extremely low elution of contaminating impurities. In order to compare the performance for H 2 O 2 decomposition between palladium-loaded bead-type anion exchange resin and Pd-AEMR, we prepared samples with similar amounts of loaded palladium in a unit packed volume, and performed treatment tests. The feed ultrapure water contained 20 g/ H 2 O 2 generated by UV irradiation in these tests. Fig. 7 shows that Pd-AEMR is able to remove H 2 O 2 to around 1 μg/ at a flow rate less than 6000 h -1 in space velocity (SV). Processing performance of Pd-AEMR was approximately 10 times higher than that of the bead-type catalyst. This excellent H 2 O 2 decomposition ability under extremely high flow rate, owes to the larger surface area of Pd-AEMR.
Further investigations for the practical use of Pd-AEMR, tests using a large column were carried out. The results are shown in Table 2 and Fig. 8 . To achieve H 2 O 2 concentration of 1 g/ at 20 /min, a 30 mm bed depth of Pd-AEMR was required. Higher bed depth showed higher removal performance. It is assumed that with a low bed depth, H 2 O 2 is not decomposed and leak will occur. Therefore, a certain length of bed depth is needed for a sufficient performance. Pressure drop of a catalyst is an important factor in practical use. In these tests, the highest pressure drop of Pd-AEMR was 16 kPa, which is sufficiently low in use.
The required level of metal impurity in ultrapure water is less than 1 ng/ . The amount of Pd leach from Pd-AEMR was below of limit of quantification with ICP-MS analysis, which indicates that there is substantially no Pd leaching.
Conclusion
We synthesized a new monolithic ion exchange resin with cocontinuous porous structure by a two-step polymerization process. The new monolith has a large pore diameter and thick polymer stem, which leads to the improvement of ion exchange capacity and pressure drop. In addition, the ion exchange band length of the new monolithic ion exchange resin was superior to conventional ion exchange resins, and also previously reported open-celled monoliths.
We prepared a Pd-loaded monolithic ion exchange resin and studied the catalytic application. Palladium was successfully loaded on AEMR, and the monolithic catalyst was able to remove H 2 O 2 in ultrapure water to a concentration below 1 μg/ under very high flow rate. There was substantially no Pd leaching from this catalyst.
